Sporulating bacteria have been extensively investigated as model differentiating systems (9) . During this developmental process a number of spore-specific products are formed. One of these, dipicolinate, is produced in relatively large amounts during sporulation and has been implicated as playing a significant role in conferring heat stability on bacterial spores (15) . Largely from studies with sporulating Bacillus species (4), it has been suggested that dipicolinate is synthesized as one of the products of the aspartate pathway. The first enzyme of this pathway, aspartokinase (EC 2.7.2.4), has been extensively studied in Bacillus species as a model allosteric enzyme (10, 16, 18) . However, one of the events occuring during the early stages of sporulation is the rapid disappearance of a number of regulatory enzymes initiating biosynthetic pathways as a result of either proteolysis (6) or specific inactivation (8) . To maintain sufficient aspartokinase activity for dipicolinate production during sporulation, Bacillus species appear to have evolved two different regulatory mechanisms. In Bacillus licheniformis, a single aspartokinase species appears to be desensitized to feedback inhibition by its end products which presumably accumulate early in sporulation (8) . Although this activity declines during sporulation, the low levels of desensitized enzyme are apparently sufficient to initiate the formation of dipicolinate. On the other hand, both Bacillus subtilis (17) and Bacillus stearothermophilus (11) possess two different species of aspartokinase. In the latter organism the meso-diaminopimelate (meso-Dap)-sensitive aspartokinase is induced during sporulation and appears to be primarily responsible for initiating the biosynthesis of dipicolinate and diaminopimelate during sporogenesis (12) . The other enzyme, the lysinethreonine-sensitive aspartokinase is neither induced nor desensitized during development.
In contrast to Bacillus species, relatively little information has been obtained concerning the regulatory mechanisms controlling sporulation in Clostridium. Since spores of these organisms also contain high levels of dipicolinate (15) it would be of interest to examine the regulatory mechanisms controlling the formation of this end product during sporulation. An understanding of the regulatory properties of aspartokinase activity in Clostridium would be helpful in elucidating these control mechanisms. In this regard, the characterization of aspartokinase activity in Clostridium perfringens was initially undertaken. The present report suggests that only a single aspartokinase species, sensitive to feedback inhibition by meso-Dap, occurs in vegetative cells of C. perfringens. The catalytic and regulatory properties of the enzyme are presented and discussed with reference to the role of this enzyme in the metabolism of the organism.
A portion of this work served as partial fulfillment of the requirements for the Master of Science degree at Northwestern University, Chicago, Ill.
MATERIALS AND METHODS Organism. C. perfringens type D was kindly supplied by H. Pivnick (Canadian Dept. of National Health and Welfare, Ottawa, Ontario). Stock cultures of the organism were maintained in both cooked meat media (Difco) and brain heart infusion broth (Difco) at 4 C. Monthly transfers of these cultures were made routinely.
Growth of the organism. For growth of cells for enzyme purification, 0.10 ml of the organism maintained in brain heart infusion broth was transferred into 100 ml of fresh broth. The culture was incubated for 18 h at 37 C in an anaerobic Gaspak (BBL) system. This cuture was then added to 10 liters of 3% brain heart infusion broth and incubated at 37 C. Anaerobic growth conditions were not necessary for good growth at this stage. Growth was monitored with a KlettSummerson colorimeter utilizing the no. 54 filter. Cells were harvested in the late logarithmic growth stage, washed with cold saline, and frozen. Smaller growth cultures were scaled down proportionally and handled similarly.
Enzyme assays. Aspartokinase activity was measured utilizing either the hydroxamate method or a coupled continuous assay system (10) . The standard hydroxamate assay system contained 67 mM tris(hydroxymethyl)aminomethane (Tris) -hydrochloride buffer, pH 7.0, 6.7 mM mercaptoethanol, 267 mM KCl, 1.33 mM MgCl2, 1 .06 M NH,OH (freshly neutralized to pH 7.0 with KOH), 26 mM aspartate, 6.7 mM adenosine 5'-triphosphate (ATP), water, and enzyme in a total volume of 1.5 ml. After 30 min of incubation at 37 C the reactions were terminated and assayed at 540 nm as previously described (10) .
The continuous coupled assay was carried out essentially as previously described (10) . The reactions were carried out at 37 C and the decrease in absorbance at 340 nm was measured in a Gilford model 2000 recording spectrophotometer.
One A column (2.5 by 30 cm) of diethylaminoethyl (DEAE)-Sephadex A-50 was equilibrated and washed with TM-0.1 M KCl buffer. The dialyzed sample (fraction II) was applied and eluted from the column with a 800-ml linear gradient from 0.1 to 0.4 M KCl in TM buffer. The column was cooled to 4 C during the elution and was developed at a flow rate of 40 ml per h. Fractions (8 ml) were collected and assayed for aspartokinase activity utilizing the standard hydroxamate procedure. The active fractions were pooled and concentrated through an Amicon UM-10 ultrafilter (fraction III).
The concentrated sample was then applied to a column (2.5 by 40 cm) of Sephadex G-200 previously equilibrated with TM buffer. The column was developed utilizing the same buffer at a flow rate of 10 ml per h. Fractions (5 ml) were assayed for aspartokinase activity with the hydroxamate procedure. The active fractions were pooled and concentrated through an Amicon UM-10 ultrafilter (fraction IV). This fraction was stored frozen in small samples since repeated freezing and thawing led to a gradual loss of enzymatic activity.
Gel-filtration of calibrated Sephadex G-200 columns. The molecular weight of the clostridial aspartokinase was estimated following chromatography on calibrated Sephadex G-200 columns (1). A column (2.5 by 35 cm) was equilibrated and washed overnight with TM buffer. The sample containing the following components in a total volume of 2.45 ml was loaded onto the column: aspartokinase (0.6 U), horse heart cytochrome c (2 mg), yeast hexokinase (8 U), pig heart malate dehydrogenase (250 U), and rabbit muscle lactate dehydrogenase (37 U). Chromatography was carried out at 4 C with a flow rate of 7.5 ml per h. The fractions (2.5 ml) were assayed for the marker enzymes by standard procedures (1) (20) . All other reagents were obtained from readily available commercial sources.
RESULTS
Aspartokinase activity as a function of growth. When C. perfringens was grown in brain heart infusion broth, the specific activity of aspartokinase did not change significantly in any part of the growth cycle (Fig. 1) At the indicated time intervals, individual cultures were harvested, extracted and assayed for aspartokinase activity utilizing the standard hydroxamate assay (0). Growth (0) was followed in a Klett-Summerson colorimeter utilizing the no. 54 filter. duced inhibition. Lysine, threonine, homoserine, methionine, and dipicolinate at concentrations up to 3 mM either individually or in various combinations had no significant effect on enzyme activity. Furthermore, these compounds when added together with Dap did not result in any cumulative or concerted inhibitory effects. That the meso-Dap-sensitive enzyme is the only aspartokinase species present in clostridial extracts was further suggested by the observations that (i) only a single peak of aspartokinase activity was detected after chromatography of crude extracts on DEAESephadex carried out as described under Materials and Methods; (ii) this active fraction was sensitive to inhibition by meso-Dap, and (iii) the sensitivity of aspartokinase activity in crude extracts to meso-Dap inhibition was identical to that observed in purified preparations (Fig. 2) .
Effects of temperature on catalytic and regulatory properties. Aspartokinase activity was relatively high from 25 to 40 C with an optimum near 37 C. Catalytic activity declined rapidly above this temperature range (Fig. 3) . However, maximum sensitivity of the enzyme to feedback inhibition was observed near 42 C. At lower temperatures inhibition by meso-Dap was somewhat depressed. At more elevated temperatures feedback sensitivity declined more rapidly.
Effects of pH on cataytic and regulatory properties. The enzyme exhibited maximum activity near pH 7.0 (Fig. 4) . In more acidic or alkaline regions there was a relatively rapid decrease in activity. In contrast, maximum sensitivity to feedback inhibition occurred over a broad range from approximately pH 6 to pH 9.
There was also an apparent desensitization to inhibition by meso-Dap in the lower and higher pH regions. However, the apparent desensitizing effects may be due to the effects of pH on the ionization of the inhibitor rather than on the enzyme itself.
Effects of monovalent cations on aspartokinase activity. The effects of monovalent cations on enzymatic activity were tested with the continuous coupled assay to omit the high levels of potassium ions present in the neutralized hydroxylamine solutions utilized in the hydroxamate assay. The results ( Vmax of the enzyme without significantly altering the Km's of either substrate. Therefore, meso-Dap acts as a noncompetitive inhibitor of the enzyme. The sensitivity of the partially purified enzyme to inhibition by increasing concentrations of meso-Dap corresponded to a hyperbolic rather than a sigmoidal function (Fig. 2) . When these data were plotted according to a Hill plot (2) an interaction coefficient of 1.0 was obtained. These results suggest the absence of any cooperative interactions between possible multiple inhibitor sites. The enzyme could not be completely inhibited by meso-Dap and 50% inhibition of enzyme activity occurred at an inhibitor concentration of approximately 0.5 mM.
Molecular weight of aspartokinase. When the partially purified enzyme was subjected to gel-filtration chromatography on calibrated 3 . Effects of temperature on activity and feedback sensitivity. Partially purified enzyme (fraction IV) was assayed at the indicated temperatures for enzyme activity (0) utilizing the standard hydroxamate assay. Inhibition (0) was determined in the presence of 1.0 mM meso-Dap.
Maximum activity in the presence of KCI occurred at concentrations above 50 mM (Fig.  5) . Above this concentration, the activity remained relatively constant up to 500 mM KCl.
Kinetics of inhibition. The substrate saturation curves for both aspartate and ATP revealed normal Michaelis-Menten kinetics as indicated by the double reciprocal plots (Fig. 6, 7) . The Michaelis constant (Kin) for aspartate was 14.3 mM, whereas that for ATP was calculated as 0.54 mM. Thus, the enzyme appears to have a greater affinity for ATP than aspartate. The feedback inhibitor meso-Dap decreases the pH FIG. 4 . Effects of pH on activity and feedback sensitivity. Partially purified enzyme (fraction IV) was assayed at the indicated pH values utilizing the hydroxamate assay except that potassium phosphate buffer replaced Tris buffer and the hydroxylamine was neutralized to the appropriate pH values with KOH. Catalytic activity (0) and sensitivity to 1.0 mM meso-Dap (-) were determined as previously described. Sephadex G-200 columns, a molecular weight of 102,000 was calculated for the enzyme (Fig. 8) .
DISCUSSION
The results of this investigation suggest that only a single species of aspartokinase, subject to feedback inhibition by meso-Dap, exists in C. perfringens type D. However, unambiguous proof of this suggestion requires further purification of the enzyme. This proposal is quite different from that made with all other bacteria investigated (5) in which the end products lysine and threonine inhibit at least one species of aspartokinase. This difference in the regulation of aspartokinase activity may be the result of the extreme fastidious nature of most clostridia (3). Thus, many of the biosynthetic pathways present in Escherichia coli and Bacillus species may be totally absent or incomplete in Clostridium. However, the biosynthetic pathway from aspartate to Dap is probably intact in C. perfringens since this organism grows well in media devoid of any known source of Dap (3) and continued synthesis of Dap for cell-wall synthesis would be required for vegetative growth in this organism (19) .
The results of the kinetic analysis of the aspartokinase of C. perfringens indicate that the feedback inhibitor meso-Dap acts as an allosteric regulator of the enzyme. The noncompetitive nature of the inhibition produced by the end product indicates that the inhibitor does not bind to a substrate site but binds to a separate regulator site. Furthermore, these results indicate that the enzyme conforms to the V system of allosteric enzymes according to the classification scheme of Monod et al. (14) . Cooperative homotropic interactions between either multiple substrate or inhibitor sites could not be detected for the enzyme. Thus, either single substrate and inhibitor sites exist on the enzyme or if multiple sites exist on the enzyme they do not interact under standard assay conditions. It is also of interest that cooperative homotropic interactions between multiple substrate or inhibitor sites could not be detected with the meso-Dap-sensitive aspartokinases from B. subtilis (17) and B. stearothermophilus (11) when assayed in the 25 to 37 C temperature range.
The aspartokinase from C. perfringens is similar to the analogous enzymes from B. subtilis and B. stearothermophilus in that the feedback inhibitor acts as a noncompetitive inhibitor of the enzyme. All three enzymes also share similar pH optimum ranges and are desensitized to feedback inhibition at lower pH values. Furthermore, all three enzymes are stimulated by K+ and NH,+ ions. The enzyme from C. perfringens is also similar to that from B. stearothermophilus in that both Li+ and Na+ do not stimulate activity. In contrast, Na+ but not Li+ activates the enzyme in B. subtilis (17) . The enzyme from C. perfringens also resembles the analogous enzyme from B. stearothermophilus in terms of molecular size. The molecular weight of the former, 102,000, is similar to the value of 110,000 estimated for the later enzyme and quite different from the estimate of >250,000 for the enzyme from B. subtilis (17) . Thus, a comparison of the three enzymes indicates that the meso-Dap-sensitive aspartokinase from the mesophilic bacterium C. perfringens is more like the analogous enzyme from the thermophilic B. stearomorphilus rather than the enzyme from the mesophilic B. subtilis.
When C. perfringens type D is grown in enriched media, aspartokinase activity remains relatively constant throughout vegetative growth and well into the stationary phase. This is quite similar to the situation observed in B. stearothermophilus (11) and B. subtilis (17) . In fact, the specific activities of the Dap-aspartokinases from vegetative cells of both C. perfringens and B. stearothermophilus are quite similar. The enzyme in B. stearothermophilus was also shown to be induced during sporulation and appeared to play a significant role in initiating the biosynthesis of both Dap and dipicolinate during this developmental process.
It will be of interest to determine whether an analogous induction of the enzyme occurs during sporulation of C. perfringens. In this regard, it will also be of interest to investigate the induction and repression of the enzyme in vegetative cells grown in chemically defined media.
